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We investigate electronic excitations in La2−x(Br,Sr)xCuO4 using resonant inelastic x-ray scatter-
ing (RIXS) at the oxygen K edge. RIXS spectra of the hole-doped cuprates show clear momentum
dependence below 1 eV. The spectral weight exhibits positive dispersion and shifts to higher energy
with increasing hole concentration. Theoretical calculation of the dynamical charge structure factor
on oxygen orbitals in a three-band Hubbard model is consistent with the experimental observation of
the momentum and doping dependence, and therefore the dispersive mode is ascribed to intraband
charge excitations which have been observed in electron-doped cuprates.
PACS numbers: 71.27.+a,74.25.Jb,74.72.Gh,78.70.Ck
Strongly correlated transition-metal oxides display
various interesting physical properties including metal-
insulator transition, high-temperature superconductivity
and colossal magnetoresistance, and some of the oxides
are classified into doped Mott insulators where electron
correlation significantly modifies their band structure
which diverges from that of the noninteracting simple
metal [1]. Among the doped Mott insulators, supercon-
ducting cuprates are most intensively studied [2]. This
is mainly due to the superconductivity at high transition
temperature and related phenomena such as pseudogap
and a competing phase with charge order [3]. In addition
to the interest of superconductivity, doped cuprates are
important and suitable for the study of electronic struc-
ture of the doped Mott insulator because relatively sim-
ple theoretical models with a few orbitals are applicable
to describe the electronic structure near the Fermi energy.
They represent the benchmark of the doped Mott insu-
lators and the clarification of the fundamental electronic
structure is essential for understanding the mechanism of
the physical phenomena in the doped cuprates.
In the undoped cuprates, only the spin degree of free-
dom contributes to the low-energy electron dynamics.
When carriers are doped, the charge degree of freedom
becomes active and the electron dynamics is character-
ized by the motion of spin and charge. Therefore, we con-
sider that both spin and charge excitations must be inves-
tigated on equal footing in order to understand the elec-
tron dynamics characterizing the physics of the cuprates.
Inelastic neutron scattering (INS) has been widely used
for studying the spin dynamics in the reciprocal lattice
space, and high-resolution resonant inelastic x-ray scat-
tering (RIXS) at the Cu L3-edge has recently become
an alternative to measure momentum-resolved spin ex-
citations up to several hundreds meV [4, 5]. Charge
excitations in the doped cuprates extend to higher en-
ergy than the spin excitations and the electron corre-
lation affects the charge excitations of the order of a
few eV. Optical studies [6, 7] demonstrated that spectral
weight of the intraband charge excitations emerges below
the charge-transfer gap in the doped cuprates and the
weight characterizes the charge excitations in the doped
Mott insulators. The high-energy part of momentum-
resolved charge excitations below the gap was studied by
Cu K-edge RIXS [8–10] but the huge tail of the elastic
scattering hampers the observation below several hun-
dreds meV. Alternatively, the capability of Cu L3-edge
RIXS for the detection of the charge excitations is ar-
gued theoretically [11, 12], and particle-hole charge exci-
tations have been reported in a Ti L3-edge RIXS study
on the weakly-correlated broadband material 1T -TiSe2
[13]. Nevertheless, momentum-dependent charge excita-
tions in the hole-doped cuprates have, to the best of our
knowledge, not been identified experimentally using the
Cu L3-edge RIXS. On the other hand, in the electron-
doped cuprates, a dispersive mode which is located at
higher energy than the spin excitations was found in the
Cu L3-edge RIXS spectra [14, 15] and it is ascribed to the
particle-hole charge excitations [14]. However, the origin
of this mode is still controversial. In Ref. [15], a differ-
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FIG. 1. (color online). (a) X-ray absorption spectra near the oxygen K-edge. X-ray polarization is parallel to the CuO2 plane.
(b) O K-edge RIXS spectra of La2−xSrxCuO4 (x = 0.25) plotted against emitted photon energy. From bottom to top, incident
photon energy is tuned to LEP−0.3 eV, LEP, and LEP+0.3 eV of XAS. (c) The same spectra as in (b) plotted as a function
of energy loss. (d-f) RIXS spectra of La2−xSrxCuO4. The energy of the σ-polarized incident x-rays is tuned to UHB for x = 0
(d) and x = 0.075 (e) and LEP for x = 0.18 (f). Black lines are the raw spectra and gray lines in (e) and (f) are the spectral
weight after subtraction of the elastic peak (dotted line) and high-energy tail (dashed line). The vertical bars indicate the peak
position of the spectral weight after subtraction.
ent interpretation that is associated with a symmetry-
breaking state other than superconductivity is proposed
and this dispersive mode is considered to be absent in
hole-doped cuprates. Furthermore, it is discussed in a
theoretical study [16] that the dispersive mode comes
from a plasmon excitation. In order to settle this contro-
versy, it is necessary to confirm whether such a dispersive
mode exists also in the hole-doped cuprates.
In this Letter, we report that a dispersive charge mode
in the hole-doped cuprates can be observed using O K-
edge RIXS. Because doped holes predominantly occupy
the O 2p orbitals in the cuprates, the O K-edge RIXS
represents a direct way to probe the charge dynamics of
doped carriers and the intensity of charge modes can be
expected to be sizable. The experimental observation of
the momentum and doping dependence is consistent with
a theoretical calculation of the dynamical charge struc-
ture factor on oxygen orbitals in a three-band Hubbard
model with Cu3dx2−y2 and two O2pσ orbitals. There-
fore, we ascribe the dispersive mode to intraband charge
excitations. Our result demonstrates that the intraband
charge excitations are qualitatively symmetric between
the hole- and electron-doped cuprates.
The RIXS experiments were performed using the
SAXES spectrometer [17] at the ADRESS beam line [18]
of the Swiss Light Source (SLS) at the Paul Scherrer
Institut and the HORNET spectrometer [19] at beam
line BL07LSU [20] of SPring-8. The RIXS spectra in
Figs. 1(d)-(f) were taken at the former and others were
measured at the latter, with respective energy resolu-
tions of 60 and 170-190 meV. The scattering angle (2θ)
was set to 130◦ for Figs. 1(d,e,f), 90◦ for Figs. 2(a,d), and
135◦ for Figs. 1(b,c) and Figs. 2(b,c,e). Single crystals
of La2−xSrxCuO4 (LSCO with x = 0, 0.075, 0.18, and
0.25) and La2−xBaxCuO4 (LBCO with x = 0.125) were
measured at the base temperature of spectrometers (10-
30 K). Because the difference of alkaline earth metals (Sr
and Ba) is not important here, we distinguish the sam-
ples by hole concentration (x). The crystals were cleaved
before the measurement and σ-polarized x-rays were ir-
radiated on the ab-plane of the crystals. The c-axis was
kept parallel to the horizontal scattering plane and mo-
mentum transfer in the CuO2 plane (q) was scanned by
rotating the crystal along the vertical axis.
In the x-ray absorption spectrum (XAS) of the doped
cuprates, two peaks are observed near the O K edge [21].
As shown in Fig. 1(a), the spectral weight of the transi-
tion to the upper Hubbard band (UHB) transfers to the
lower-energy peak (LEP) with increasing the hole con-
centration. The incident photon energy for the RIXS
measurements was tuned to the top of either LEP or
UHB of respective samples. In the undoped x = 0, large
enhancement of excitations is observed only at the UHB
resonance. When holes are doped to x = 0.075, the spec-
tral weight of XAS becomes comparable between LEP
and UHB. We measured the RIXS spectra at both LEP
and UHB resonances, but, as shown in Fig. 2(a,f), we
could not find any significant difference at the sub-eV
range between the two resonance conditions. Because the
spectral weight of LEP is dominant in XAS for higher
doping (x = 0.125, 0.18, and 0.25), we took the RIXS
spectra at the LEP resonance . Figure 1(b) shows the
incident photon energy (Ei) dependence near LEP for
x = 0.25. The spectral shape is almost unchanged be-
3low 527 eV, meaning that most of the spectral weight in
this energy region comes from fluorescence. The spectra
discussed below are normalized to the integrated inten-
sity of the fluorescence. In Fig. 1(c), we plot the same
spectra as in Fig. 1(b) as a function of energy loss. The
peak around 0.5 eV slightly shifts to higher energy with
increasing Ei, indicating a non-perfect Raman behavior,
but the shift is much smaller than the variation of Ei.
Figures 1(d)-(f) show the momentum dependence of
the O K-edge RIXS spectra for x = 0, 0.075, and 0.18,
respectively. A clear peak is observed below 1 eV for all
three samples. The peak position and the lineshape of
the undoped compound (x = 0) are independent of q and
the spectral weight of the peak is ascribed to two-magnon
excitations [22, 23]. In contrast, the peak position of x =
0.075 and 0.18 changes with momentum. The qualitative
difference of the momentum dependence indicates that
another type of excitations exists in the spectra of the
doped compounds.
For the doped compounds, we measured the RIXS
spectra in a finer interval of momentum and summarize
them in Figs. 2(a)-(e). We subtract the elastic scatter-
ing and high-energy tail from the raw spectra and plot
the peak positions and widths of residual intensity (gray
lines) as a function of q in Figs. 2(f)-(j). Except for
the close vicinity of q = (0, 0), the spectral weight at the
sub-eV region shifts to higher energy with increasing mo-
mentum transfer, forming a dispersive mode. The mag-
nitude of the dispersion of the mode becomes larger with
increasing hole concentration. For example, the peak po-
sition at q = (0.23, 0) is 0.66 eV for x = 0.125 while it
is 0.77 eV for x = 0.25. Comparing the spectral weights
at the same |q| of x = 0.125, the peak of the (h, h) di-
rection is located at higher energy than that of the (h, 0)
direction.
In a published work on LSCO, the peak at the sub-eV
region in the OK-edge RIXS spectra was ascribed to two-
magnon excitations not only for the undoped compound
but also for the doped ones [23, 24]. We do not exclude
the possibility that a part of the spectral weight of the
doped compounds comes from two-magnon excitations,
but the dispersive mode should have another origin from
the following reasons. Firstly, the energy of the peak po-
sitions is too high to ascribe the dispersive mode to two-
magnons. The excitation energy at large q in the present
measurements is 0.6-0.8 eV while calculated two-magnon
density of states for a nearest neighbor Heisenberg an-
tiferromagnet with exchange interaction J is located at
lower than 4J ≃ 0.5 eV [25]. Secondly, in Raman scatter-
ing studies [26–29], the energy of two-magnon excitations
rapidly decreases upon hole doping in contrast with our
experimental fact that the peak of the dispersive mode
at large q shifts to higher energy with increasing hole
concentration. Thirdly, the peak becomes salient in the
overdoped compound (x = 0.25) which is situated far-
thest from the antiferromagnetic ordered phase. Finally,
theoretical calculations of two-magnon excitations in a
hole-doped t-J-type model show negligible q dependence
(see Supplemental Material S1 [30]). All of these facts
suggest that two-magnon excitations are not the origin
of the dispersive mode.
In order to identify the origin of the dispersive mode,
we perform theoretical calculations of the dynamical
charge structure factor on oxygen orbitals in a three-
band Hubbard model for the CuO2 plane with the hop-
ping between Cu3dx2−y2 and O2pσ orbitals, Tpd, the hop-
ping between neighboring O2pσ orbitals, Tpp, the charge
transfer energy between Cu3dx2−y2 and O2pσ orbitals,
∆, the on-site Coulomb interaction on Cu3dx2−y2 , Ud,
and the on-site Coulomb interactions on O2pσ, Up (see
Supplemental Material S2 [30]). We take a typical pa-
rameter set for cuprate superconductors [31]: Tpd = 1 eV,
Tpp = 0.3 eV, ∆ = 3 eV, Ud = 8 eV, and Up = 4 eV. The
dynamical charge structure factor on an orbital φ is given
by Nφ (q, ω) =
∑
f
∣
∣〈f |Nφ
q
|0〉
∣
∣2 δ(ω − Ef + E0), where
|0〉 and |f〉 represent the ground state final state with
energy E0 and Ef , respectively, and N
φ
q
is the Fourier-
transformed number operator on φ.
We perform a large-scale dynamical density-matrix
renormalization-group (DMRG) calculation of Nφ (q, ω)
for a small system with 6 × 4 = 24 CuO2 units, where a
cylindrical geometry with periodic (open) boundary con-
ditions along the x (y) direction is introduced. The nu-
merical method is detailed in the Supplemental Material
S2 [30]. We consider q with minimum qy, i.e., qy = 1/10,
to make a comparison with the experimental data along
the (h, 0) direction. Since the σ-polarized incident x-rays
are employed in the experiments, the 1s core electron is
excited to 2p orbitals perpendicular to the (h, 0) direction
in the RIXS process, indicating predominant polarization
for 2py orbitals. Therefore, we take φ = 2py.
Figure 3 shows N2py (q, ω) for hole concentrations x =
1/12, 1/6, and 1/4 at q = (1/6, 1/10) and for x = 1/12 at
q = (1/3, 1/10). The broad peak shifts to higher energy
with increasing x, accompanied by the increase of spec-
tral weight. The peak positons at q = (1/6, 1/10) (0.3 eV
at x = 1/12, 0.5 eV at x = 1/6, 0.8 eV at x = 1/4) are
comparable to the experimental data near q = (0.16, 0)
(0.49 eV at x = 0.075 in Fig. 2(f), 0.69 eV at x = 0.18 in
Fig. 2(i), 0.65eV at x = 0.25 in Fig. 2(j)). With increas-
ing q from qx = 1/6 to 1/3, the spectral weight shifts to
higher energy as expected. Since these momentum and
doping dependences ofN2py (q, ω) are consistent with the
experimental observation, we ascribe the dispersive mode
to the intraband charge excitations.
We have thus confirmed the charge excitations, which
are the counterpart of spin excitations, in the hole-doped
cuprates by O K-edge RIXS. While the energy of the
spin excitations (paramagnons) in LSCO is at most 0.3
eV [32–35], the charge excitations are observed up to
0.6-0.8 eV. These energy ranges of the excitations are
reasonable because the magnitude of the dispersion of
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FIG. 2. (color online). (a-e) RIXS spectra of La2−x(Br,Sr)xCuO4. The Energy of the σ-polarized incident x-rays is tuned
to LEP of XAS except for the upper three spectra in (a). Black lines are the raw spectra and gray lines are the spectral
weight after subtraction of the elastic peak (dotted line) and high-energy tail (dashed line). The vertical bars indicate the peak
position of the spectral weight after subtraction. (f-j) Dispersion relation of the dispersive mode. Peak positions are plotted
by open circles and filled squares. Full widths at the half maximum of the peaks are displayed by vertical bars. Results from
the spectra in Figs. 1 (c) and (d) are included. Peak positions of the charge excitations [14] and the fast-dispersive mode [15]
in electron-doped Nd2−xCexCuO4 are also shown by triangles and solid lines, respectively.
the spin and charge excitations are respectively scaled
by the exchange interaction (J ∼ 0.1 eV) and the trans-
fer energy (t ∼ 0.4 eV) in the terminology of the t-J
model. The intraband charge excitations extend above 1
eV beyond the accessible Brillouin zone of the O K-edge
and the high-energy part of the excitations has been ob-
served for overdoped compounds by Cu K-edge RIXS
[10]. Slight shift of the peak position with changing Ei
(non-perfect Raman behavior) shown in Fig.1(c) and the
broad width of the peak suggest that the experimen-
tally observed dispersive feature is incoherent [12, 36].
Then the feature comes from particle-hole charge exci-
tations rather than coherent plasmon excitations. One
may connect the charge excitations to the charge order
which has recently attracted great interest as a compet-
ing phenomenon to superconductivity [37–39]. While the
spin excitations might change slightly across the prop-
agation vector of the charge order [33], we could not
find any change of the charge excitations in LBCO (x
= 0.125) across the transition temperature of the charge
order within the experimental resolution (see Supplemen-
tal Material S3 [30]).
Combining the present work with the Cu L3-edge RIXS
of Nd2−xCexCuO4 (NCCO) [14, 15], we proved that a
dispersive mode in the sub-eV region exists in both hole
and electron doped systems. It strongly supports that
the origin of the mode is charge excitations which are
common in the electron dynamics of doped Mott insula-
tors. When compared quantitatively, the magnitude of
the dispersion is larger in NCCO than in LSCO (LBCO)
as shown in Fig. 2(g-h). Naively, the smaller charge-
transfer gap of NCCO [40] gives larger hopping energy
which agrees with the steeper dispersion, but more sys-
tematic studies on various cuprate superconductors are
necessary to judge whether the sign of the charge of
doped carriers is essential for the quantitative difference
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FIG. 3. (color online). Dynamical charge structure factor on
O2py orbital in a 6×4 cylindrical three-band Hubbard cluster
with Tpd = 1 eV, Tpp = 0.3 eV, ∆ = 3 eV, Ud = 8 eV, and
Up = 4 eV. Black, red, and green solid lines represent spectra
with hole concertation x = 1/12, 1/6, and 1/4, respectively,
at q = (1/6, 1/10). Black broken line is for x = 1/12 at
q = (1/3, 1/10). A Gaussian broadening width of 0.1 eV
is used for the spectral weights. We note that small weights
centered at ω = 0 eV are due to less convergence in dynamical
DMRG.
of the dispersion.
In summary, we have performed O K-edge RIXS
study of La2−x(Br,Sr)xCuO4 and identified the intra-
band charge excitations in the hole-doped cuprates. The
charge excitations form a positive dispersing mode and
the dispersion becomes steeper with increasing the hole
concentration. Theoretical calculation of the dynamical
charge structure factor on oxygen orbitals in a three-band
Hubbard model agrees with the experimentally observed
momentum and doping dependence. We conclude that
identification of the spin and charge dynamics at the re-
spective energy scale of J and t has been completed for
both hole- and electron-doped cuprates.
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